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may have been • mantle plume, but, alternatively, it may have been
triggered by an asteroidal impact An impact fall-out layer with
shocked debris has been reported at the Tr/J boundary in Italy [13].
The s ynchronicity of extrusion and extinction appear established as
an event horizon independent of radiometric or fossil stratigraphy.
Of course, enthusiasm for impacts does not score points in the
scientific forum, but the current evidence of their importance in
shaping other terrestrial planets (Venus has 900 impact craters as
well as 1500 volcanos) suggests that impacts need not be assigned
a role of last resort.
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MOBILIZATION OF THE PLATINUM GROUP ELEMENTS
BY LOW-TEMPERATURE FLUIDS: IMPLICATIONS FOR
MINERALIZATION AND THE IRIDIUM CONTROVERSY.
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A. Gostin2, 'Department of Geology. University of Melbourne,
Australia, 2Department of Geology and Geophysics, University of
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Geochemical investigations on the widely dispersed
zoic A cram an impact ejects horizon and its host marine shales in the
Adelaide Geosync! inc provide strong evidence for low-temperature
mobilization of the platinum group elements (PGE), including Ir.
The ejects horizon was formed when the middle Proterozoic dacitic
volcanics in the Gawler Ranges, central South Australia, were
impacted by a very large (ca. 4 km) meteorite. The resulting
structure, now represented by Lake Acraman, is Australia's largest
meteorite impact structure. Debris from the impact was blasted for
many hundreds of kilometers, some falling into the shallow sea of
the Adelaide Geosyncline, some 300 km to the east of the impact
site.
The Bunyeroo Formation (-600 m.y.), which hosts the impact
horizon, consists of monotonous deep-shelf maroon and green clay
shales, with minor concretionary carbonates. The ejecta horizon is
typically 0 to 40 cm thick and is composed of a basal clast layer that
is poorly sorted, angular, and dominated by pebble-sized fragments.
It is overlain by a thin shale layer that contains abundant coarse
sand-sized clasts that is in turn overlain by a graded layer that fmes
up from coarse-medium sand to a fine muddy sand. The largest clast
found to date is 40 cm in diameter. All the clasts and most of the
sand-sized grains appear to have been derived from a pink to red
porphyritic volcanic rock, similar to that currently exposed at the
Gawler Ranges impact site. The ejecta horizon is almost invariably
enveloped by green shales that range in thickness from a few
millimeters to several meters.
Metal concentration along the horizon is anomalously high
though variable, with values up to 300 times greater than average red
shale background values [1]. Where the green shale envelope is
most narrow, metal enrichment is lowest and the PGEs exhibit
chondritic ratios. Sections of the ejecta horizon with a significantly
wider green alteration envelope are variably enriched in Cu and
frequently in Au. In these situations, both the ejecta horizon and the
green shales mat envelope it have strong PGE enrichments with Ir
up to 100 times enriched and Pt up to 300 times enriched relative to
the host red shales. Copper and Pt are well correlated with each other
and the PGEs exhibit strong nonchondritic ratios.
Thin green shale layers that show no evidence of meteoritic
contribution and occur at stratigraphic positions above and below
the ejecta horizon in the red shale sequence are similarly enriched
in Ir and Pt as well as Cu. V, Zn, and NL Isolated green reduction
spots in the red shales also have PGE enrichments. All thin green
shale horizons and green reduction spots analyzed have relatively
high levels of K and other PGE regardless of their stratigraphic
position.
The similar chemistries of the ejecta- as sociated green shales and
green shales at other stratigraphic levels suggest a similarity in the
enrichment process. The very high Pd/Ir, Pt/Ir, and Au/Ir ratios of
the green shale and the Cu-enriched ejecta sample, together with the
Cu-PGE correlation, are not totally consistent with an extraterres-
trial origin. The ejecta horizon clearly has a meteoritic component
as do the other thin green shale horizons and green reduction spots,
which suggests that the elevated values are due to low-temperature
transport.
The element associations and distribution are consistent with a
PGE redox entrapment process. It is suggested that the ejecta
horizon was an aquifer for low Eh fluids derived from deeper in the
sedimentary basin. These fluids reduced ferric iron in the red shales
to ferrous iron that was removed in solution, leaving the shales with
their green color. Mixing of the reduced fluids flowing along the
aquifer with oxidized fluids circulating in the red shales, from which
they had leached Au. Cu, PGE, and other elements, caused metal
deposition.
The discovery of significant PGE mobility by low-temperature
oxidized fluids has several important implications: Ir, PGE, and Au
anomalies may be associated with postdepositional processes,
which is particularly significant given the K/T boundary Ir contro-
versy. Further, it indicates that economically important accumula-
tions of the metals might be anticipated in environments in which
such solutions entered low redox environments. Examples of such
environments include red-bed Cu and roll-type U deposits.
Reference: [1] Wallace M. W. et al. (1990) Geology, 18,
132-135.
DOES THE BUSHVELD-VREDEFORT SYSTEM (SOUTH
AFRICA) RECORD THE LARGEST KNOWN TERRESTRI-
AL IMPACT CATASTROPHE? W. E. Elston, Department of
Geology, University of New Mexico, Albuquerque NM 87131-
1116.USA.
The unique 2.05-Ga Bushveld and Vredefort complexes cover
100,000 km1 (diameter 400 km) on the otherwise stable Kaapvaal
craton. Since the 1920s, workers have recognized that they are
bracketed by the same units and were probably formed by related
processes. Modem field studies and radiometric dates have pro-
vided no compelling evidence for different ages. Hall and Mol en graaff
[1] and Daly [2] invoked magmatic upthrust. Daly [3] later attrib-
uted Vredefort to impact, but never applied his concept to the
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Bushveld. Subsequently. Vredefort yielded shatter cones [4],coesite
and stishovite [5]. and planar features [6]; pseudotachy li te (indistin-
guishable from Sudbury) had long been known [7]. Dietz [8],
Hamilton [9], and Rhodes [10] concluded that at least four simulta-
neous impacts caused the Bushveld-Vredefort system. Three im-
pacts formed overlapping Bushveld basins; the fourth made the
Vredefort dome. If so, why has the B us h veld yielded no unequivocal
shock phenomena? The nature of intra-Bushvekl "fragments" and
the properties of Rooiberg Felsite offer clues.
Cratering of this magnitude would intersect the ambient-pres-
sure liquidus isotherms of both granite and gabbro. As a result, the
Bushveld Complex generated successively the most voluminous
siliceous flows, the greatest accumulation of layered gabbro, and the
largest masses of A -type granite on Earth, in a setting of complex
and long-continued structural adjustments. Gabbroic sills (Rusten-
burg Layered Suite, RLS). collectively up to 9 km thick, outline the
Bushveld basins. Up to 4.5 km of earlier Rooiberg Felsite forms its
intruded roof and locally (as Dullstroom Formation) its floor [11],
analogous to the Onaping-sublayer relationship at Sudbury. Late-
stage Lebowa Granite occupies interiors of Bushveld basins and
invades the RLS Rooiberg contact as sills up to 2 km thick.
This simple scheme is disturbed by deformation of pre-Bushveld
rocks around the periphery of the complex [12] and, especially, in
50-km "fragments" within the western and eastern basins [13].
Deformation occurred prior to emplacement of Rooiberg Felsite and
its equivalent "bronzite granophyre" dikes [14] at Vredefort.
Hamilton [8] and Rhodes [9] interpreted "fragments" as central
uplifts, which led to fruitless searches for shock phenomena [ 15,16].
Based on seismic [17] and field [12] evidence, I interpret the
"fragments" as part of a zone between the central initial (transient)
cavities (rebounded into Vredefort- type domes) and the present rim
of the Bushveld basins. It is suggested that the Bushveld basins
became enlarged beyond the initial cavities by collapse, in response
to withdrawal of subsurface magma. Today, the central domes are
totally obscured by Lebowa granite or covered by younger sedi-
ments. All exposures of RLS and Rooiberg Felsite are on the
perimeters of the enlarged collapse basins, too distant from inferred
central domes for shock phenomena.
In the eastern "fragment," the central (Marble Hall) segment
exposes pre-Bushveld rocks that are intensely folded, faulted,
metamorphosed, and boudinaged or brecciated. They are inter-
preted as part of the deformed collar around a transient cavity. In die
northern (Stavoren) segment, basal Rooiberg Dulls troom Felsite,
conformable on unfolded pre-Bushveld quartzite, is interpreted as
outflow that slid into the expanding collapse basin, probably during
emplacement of Lebowa Granite (in the manner of collapse
megabreccias of ignimbrite calderas [18]). The pre-Bushveld grani-
toid core of the southern (Demtilton dome) segment remains enig-
matic. In the western "fragment." the southern deformed (Crocodile
River) segment and the northern undeformed (Rooiberg) segment
play roles similar to the Marble Hall and Stavoren segments
respectively.
No source is known for Rooiberg Felsite, interpreted as several
lithospheric melts [19]. Chemically and physically it differs pro-
foundly from all known volcanic rocks. As a result of quenching
from extraordinary temperatures, its feathery textures are more
appropriate for komatiite than rhyodacite. It incorporates large
amounts of sedimentary material, from relict quartz grains to large
(up to SO m) quartzite blocks, commonly brecciated before engulf-
ment by "felsite" melts. The basal high-temperature Rooiberg-
Du Us troom flows grade into high-energy debris avalanches. Quartz
grains in partly digested sandstone clasts were recrystallized to
tridymite needles at temperatures 21175e-1200°C [20,21] and
inverted back to quartz -1100°C [22]. Recrystallization at these
temperatures would destroy all shock phenomena. Up to 30 m of
quartzite beneath Rooiberg-Dulktroom flows also inverted to quartz
needles and laths, paramorphs after tridymite [23]. Similar ex-
tridym i te quartz needles occur in the transition from micropegmatite
to basal Onaping quartzite breccia at Sudbury [24].
The Bushveld lacks "smoking gun" shock phenomena because
all in situ exposures are peripheral and all ejecta is recrystallized or
melted. In Bushveld-sized impacts, heat effects overwhelm shock
effects. A deeply eroded shocked core is exposed only in the smaller
and nearly amagmatic Vredefort dome. The Bushveld-Vredefort
event probably was the largest known multiple impact on Earth. The
alternative would be an as-yet-unknown and unique endogenic
catastrophe. The event may have had global effects. It coincides
with the biogenic trans i lion from reducing to oxidizing atmosphere
[25] and may correlate with a worldwide 813C anomaly [26-28],
greater than those at the Proterozoic-Cambrian, Pcrmian-Triassic,
and K-T boundaries [29-33].
Acknowledgments: David Twist, Joachim Schweitzer (men
University of Pretoria), and Frikkic Hartzer (Geological Survey of
South Africa) were my guides during field work in 1985,1987, and
1991. The facts are theirs, the interpretations are mine.
References: [1] Hall A. L. and Mofengraaf G. A. F. (1925)
Verh. Koninkl. Akad. Wetauck. Amsterdam. Sect. 2, Vol. 24, No. 3.
[2] Daly R. A.(1928)GSA Bull.,39,125-152. [3]Daly R. A.(1947)
J. Geol., 55, 125-152. [4] Margraves R. B. (1961) Geol. Soc. S.
Africa Trans.. 64.147-161. [5] Martini J. E J. (1978) Nature. 272,
715-717; (1991) EPSL, 103, 285-300. [6] Grieve R. A. F. et al.
(1990) Tectonophysics. 171,185-200. [7] ShandS. J. (1916) Quart.
JGeol. Soc. London, 72.198-217. [8] Dietz R. S. (1963) GSA Spec.
Pap. 73.35. [9] Hamilton W.(1970)Geo/.&w.5.A/rica$»ec./>MM.
1. 367-379. [10] Rhodes R. C. (1975) Geology. 3. 549-554.
[11] Schweitzer J. K., personal communication; (1987) Unpub-
lished draft. Ph.D. dissertation, Univ. Pretoria. [12] Sharpe M. R.
and Chadwick B. (1982) Geol. Soc. S. Africa Trans. 85. 29-41.
[13] Hartzer F. J. (1991) personal communication; (1987) Unpub-
lished M.S. thesis. Rand Afrikaans Univ. [14] French B. M. and
Nielsen R. L. (1990) Tectonophysics. 171. 119-138. [15] French
B. M.andHargnvesR.B.(1971)/.Geo/.,79.616-620.[16] French
B. M. (1990) Tectonophysics. 171, 287-301. [17] DuPlessis A.,
personal communication; DuPlessis A. and Levitt J. G. (1987)
Indaba, Geol. Soc. S. Africa. Progr. w. Abs., 14-15. [18] Lipman P.
W. (1976) GSA Bull.. 87,1397-1410. [19] Twist D. (1985) Econ.
Geol..80,1153-1165. [20] Eaks H. V. (1974)Geol.Soc.S.Africa
Trans.. 77. 37-51. [21] Schneider H. and Florke O. W. (1982) N.
Jahrb.f. Mineral. Abh.. 145,280-290. [22] Hirota K. and Ono A.
(1977) Naturwissensck., 64.39-40. [23] Elston W. E and Sadow J.
(1991) GSA Abs. w. Progr. 23, No. 5. A402. [24] Stevenson J. S.
(1963) Can. Mineral.. 7,413-419. [25] Twist D. and Cheney E S.
(1986) Precambrian Res.. 33. 255-264. [26] Schidlowski et al.
(1976) GCA. 40,449-455. [27] Master S. et al.. Geocongress (S.
Africa) '90.3 pp. [28] Baker A. J. and Fallkk A. E (1989) Nature.
337, 759-762. [29] Kirschvink J. L. et al. (1991) GSA Today. 1.
69-71. [30] MargaritzM. (1989) Geology. 17,337-340. [31] Mar-
garitz M. et al. (1986) Nature. 320. 258-259; (1988) Nature. 331,
331-339-,(l9&5)NewsletteronStratigrapky. 15.100-113.[32] Hol-
ser W. T. and Margaritz M. (1986) Mod. Geol.. 11.155-180. [33]
Tucker M. E (1986) Nature. 319.48-50.
